Abstract During physical activity, increased reactive oxygen species production occurs, which can lead to cell damage and in a decline of individual's performance and health. The use of omega-3 polyunsaturated fatty acids as a supplement to protect the immune system has been increasing; however, their possible benefit to the anti-oxidant system is not well described. Thus, the aim of this study was to evaluate whether the omega-3 fatty acids (docosahexaenoic acid and eicosapentaenoic acid) can be beneficial to the anti-oxidant system in cultured skeletal muscle cells. C2C12 myocytes were differentiated and treated with either eicosapentaenoic acid or docosahexaenoic acid for 24 h. Superoxide content was quantified using the dihydroethidine oxidation method and superoxide dismutase, catalase, and glutathione peroxidase activity, and expression was quantified. We observed that the docosahexaenoic fatty acids caused an increase in superoxide production. Eicosapentaenoic acid induced catalase activity, while docosahexaenoic acid suppressed superoxide dismutase activity. In addition, we found an increased protein expression of the total manganese superoxide dismutase and catalase enzymes when cells were treated with eicosapentaenoic acid. Taken together, these data indicate that the use of eicosapentaenoic acid may present both acute and chronic benefits; however, the treatment with DHA may not be beneficial to muscle cells.
Introduction
Oxidative compounds, such as reactive oxygen species (ROS), have been initially considered as deleterious species to skeletal muscle tissue (Barbieri and Sestili 2012) . The predominant source of ROS in skeletal muscle cells is known to be mitochondria (Davies et al. 1982; Koren et al. 1983 ). Increased mitochondrial ROS generation occurs during various and different situations, such as in the contractile activity of muscle cells (Jackson et al. 2007 ). Early reports assumed that 2-5 % of the total oxygen consumed by mitochondria may undergo one-electron reduction with the generation of superoxide that can generate other reactive species, like hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (OH·), which can induce several cell damages (Halliwell and Gutteridge 2007; Loschen et al. 1974) .
It is well known that the redox balance occurs in part to avoid oxidative damages and maintain cellular homeostasis and integrity, through a well-controlled balance between ROS production and its elimination by the cellular antioxidant systems (Nikolaidis et al. 2012) . These antioxidant systems can be classified as nonenzymatic and enzymatic. Bilirubin, melatonin, coenzyme Q, uric acid, ascorbic acid, α-tocopherol, β-carotene, flavonoids, and glutathione are examples of nonenzymatic anti-oxidant systems. The enzymatic systems are mainly composed by the enzymes superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) (Brieger et al. 2012; Hernandez et al. 2012 ).
Omega-3 polyunsaturated fatty acids, mainly eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids, are commonly found in oils extracted from fishes from cold regions, such as salmon, tuna, sardines, trout, and mackerel. These fatty acids have been studied for nearly half a century for their beneficial effects on health, including the treatment of cardiovascular diseases and autoimmune diabetes (Martins et al. 2009; Woodman et al. 2003) . It has been proposed that omega-3 polyunsaturated fatty acids can be incorporated to the cell membrane, affecting its fluidity, receptor function, enzymatic activity, and production of cytokines and eicosanoids (Nelson 2000) . Oral supplementation with omega-3 from fish oil in healthy subjects can decrease the production of some pro-inflammatory cytokines in isolated monocytes, such as tumor necrosis factor, interleukin-1, and interleukin-2 (Martins et al. 2009; Russell and Burgin-Maunder 2012; Wu et al. 1996) . The biological effects of these fatty acids are characterized by decreased levels of triglycerides, cholesterol, platelet adhesion, and improved membrane fluidity and vascular endothelium function, associated with the production of anti-inflammatory compounds (Karlsson 1997; Russell and Burgin-Maunder 2012) .
Some authors have already suggested that omega-3 polyunsaturated fatty acids can be beneficial to increase the performance in aerobic activities due to its vasodilator property, which may improve O 2 and nutrient flows to skeletal muscle tissue during activity (Bucci 1993) . There are some indications that omega-3 polyunsaturated fatty acids can play an important role as an anti-oxidant that could lead to several benefits for skeletal muscle, increasing their performance during the exercise or even helping in the recovery period (Attaman et al. 2014; Mickleborough et al. 2008) . However, it is important to emphasize that studies showing the possible anti-oxidant role of omega-3 fatty acids (modulating activity or expression of anti-oxidant enzymes) are limited and were not performed using isolated muscle cells (Kyrylenko et al. 2004; Pogozheva et al. 1994) . Thus, the aim of this study was to evaluate the effects of the main omega-3 polyunsaturated fatty acids, EPA or DHA, on the anti-oxidant system of skeletal muscle cells.
Materials and methods

C2C12 skeletal muscle cell culture and treatment
Culture of mouse C2C12 skeletal muscle cells was performed according to the method described by Schmitz-Peiffer et al. (1999) . C2C12 myocytes were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 20 % fetal bovine serum, 2 mM glutamine, 4.5 mg/mL glucose, and 500 U/mL penicillin-streptomycin, with 95 % O 2 and 5 % CO 2 , at 37 C. After that, cells were placed on six-well plates (150,000 cells per well) and grown to reach 70-80 % of confluence. For differentiation of myocytes into skeletal muscle cells, cells were cultured in DMEM containing 2 % horse serum, 4.5 mg/mL glucose, and 500 U/mL penicillinstreptomycin for 5-7 days. The medium was changed every 2 days. After the complete differentiation, the cells were treated with 100 μM of DHA or EPA (Sigma-Aldrich) freshly prepared before each assay (using ethanol (1:100) as vehicle), for a period of 24 h. This concentration of DHA and EPA was used as previously described by Bryner et al. (2012) . Moreover, this concentration did not reduce cells' viability, as previously reported by Lee et al. (2013) , where cells were treated with concentrations between 10 and 500 μM. These authors demonstrated that 100 μM of EPA or DHA treatment, for a period of 24 h, did not reduce cellular viability.
Evaluation of ROS production
To evaluate the effects of omega-3 polyunsaturated fatty acids on skeletal muscle cells, we determined superoxide production using the dihydroethidium (DHE) oxidation method (Fink et al. 2004; Zhao et al. 2003) . After 24 h of treatment with 100 μM EPA or DHA freshly prepared before each assay (described above), cells were incubated with 1 μM DHE in DPBS containing 5 mM glucose, for 30 min, at 37°C. Fluorescent microscopy was used to measure fluorescent signal which was quantified using ImageJ 1.46r (Wayne Rasband, NIH, USA) using two photos per well selected at random. Palmitic acid at 100 μM was used as positive control for superoxide production as shown in previous studies (Lambertucci et al. 2008 (Lambertucci et al. , 2012 .
Determination of the anti-oxidant enzyme activities
For the determination of each anti-oxidant enzyme activity (CAT, SOD, and GPx), after 24 h of incubation with 100 μM of omega-3 polyunsaturated fatty acids (DHA or EPA) freshly prepared before each assay, cells were homogenized in sodium phosphate buffer (10 mM, pH 7.5). After that, homogenates were centrifuged at 10,000g for 1 min (SPIN 1, Incibras, SP, Brazil) and the supernatant was used for the determination of the enzymatic activity by spectrophotometry, as previously described (Aebi 1984; Flohe and Otting 1984; Wendel 1981) . Protein quantification (Bradford 1976 ) and enzyme analysis were always performed in duplicates.
Determination of total SOD activity (EC1.15.1.1) Total SOD activity was monitored by overall reduction of cytochrome C (0.15 g/L) by superoxide radicals generated by the xanthine-xanthine oxidase system. The measurement was performed at 550 nm and 25°C (Flohe and Otting 1984) . Initially, the background was determined by finding the appropriate amount of buffer and xanthine oxidase to reach an absorbance nearest to 0.025. Then, it was added to each assay, 12 μL of sample, 3 μL of xanthine oxidase, and 185 μL of assay solution (cytochrome C, xanthine, and EDTA in 50 mM phosphate buffer).
Determination of CAT activity (EC1.11.1.6)
CAT activity was performed according to the method described by Aebi (1984) . The enzyme activity was determined by the consumption of H 2 O 2 at 230 nm, 30°C, and pH 8.0. Each assay received 5 μL of sample, along with 15 μL of Tris base and 180 μL of 30 mM H 2 O 2 . CAT activity was calculated using the following equation: (Δ absorbance/0.071)×dilu-tion/mg protein.
Determination of GPx activity (EC1.11.1.9)
The activity of GPx was determined by the method described by Wendel (1981) . Measurements were carried out indirectly by monitoring the consumption of NADPH at 340 nm. Each assay was performed with the addition of 10 μL of sample and 185 μL of stock buffer (143 mM sodium phosphate and 6.3 mM EDTA, pH 7.5), containing 0.25 mM NaN 3 , 0.25 U/mL glutathione reductase, 1 mM GSH, and 0.12 mM NADPH. After incubation at 37 C for approximately 30 s, 5 μL of t-butyl hydroperoxide (TBHP) was added and the reaction was monitored using stock buffer as a reference. Results were expressed as nanomole of TBHP reduced per minute per milligram protein, considering the extinction coefficient factor of NADPH (Σ NADPH=of 6.22 nM
). Thus, the activity of GPX was obtained according to the equation: (Δ absorbance / 6.22) × factor of dilution / milligram protein.
Determination of the total protein content of anti-oxidant enzymes
After 24-h incubation with 100 μM of EPA or DHA (freshly prepared before each assay) at 37°C, cells were homogenized in extraction buffer (100 mM Trizma pH 7.5, 10 mM EDTA, 100 mM NaF, 10 mM sodium phosphate, 10 mM sodium orthovanadate, 2 mM PMSF, 0.01 mg/mL aprotinin, at 4°C). After that, Triton X-100 at 1 % was added and the samples were incubated for 30 min at 4°C. Homogenates were then centrifuged at 13,000×g for 20 min at 4°C. Aliquots of the supernatant (5 μL) were used for measurement of total protein as described by Bradford (1976) . Equal amounts of protein from each sample (50 μg) were size-separated by electrophoresis. Western blotting was then performed according to the method described previously (Towbin et al. 1979) . Briefly, proteins were transferred from the gel to a nitrocellulose membrane, at 120 V for 1 h. Nonspecific binding was blocked by incubating the membrane with a solution of 5 % bovine serum albumin (BSA) in basal solution (10 mM Trizma pH 7.5, 150 mM NaCl, and 0.05 % Tween 20) at room temperature for 2 h. The membranes were washed three times for 10 min each with basal solution and then incubated with specific antibodies in basal solution containing 3 % BSA at room temperature for 3 h. Antibodies against cytosolic superoxide dismutase (SOD1) (cat. # sc-11407), mitochondrial superoxide dismutase (SOD2) (cat. # sc-30080), catalase (CAT) (cat. # sc-50508), and glutathione peroxidase (GPx) (cat. # sc-30147) (all from Santa Cruz Biotechnology, Inc.) were used. The membranes were washed again (three times for 10 min each) and incubated with an anti-IgG antibody coupled with peroxidase in a solution containing 1 % BSA at room temperature for 1 h. After further washes, the membranes were incubated with a substrate for peroxidase (ECL, Western Blotting System Kit, GE Health Care, Little Chalfont, Buckinghamshire, England) for 1 min and immediately exposed to X-ray films. The films were then revealed and the bands quantified using the software ImageJ 1.46r (Wayne Rasband, NIH, USA). The final results were presented after normalization using a specific housekeeping protein (alpha-tubulin, Cell Signaling Technology, cat. #2148).
Statistical analysis
Data are presented as mean±standard deviation of the mean. Samples were tested for normality (Kolmogorov-Smirnov), and then, a one-way ANOVA with Tukey's (parametric data) or Dunn's (nonparametric data) post hoc tests was used. ROUT test was performed to identify any outlier. Results were considered statistically different when p<0.05. We used the GraphPad Prism 6 software (Graph Pad Software, Inc., San Diego, CA, USA).
Results
Evaluation of ROS production
Superoxide production was evaluated according to the DHE oxidation method. Firstly, cells were treated with palmitic acid (a known inducer of superoxide production). As expected, we observed that palmitic acid induced an increased superoxide production when compared to the control group (0.84±0.53 vs 1.97±0.8, adjusted p=0.0014). Cells were also treated with omega-3 polyunsaturated fatty acids (DHA and EPA). There was a higher superoxide production on cells treated with DHA only (0.84±0.53 vs 2.01±0.35, adjusted p=0.001); however, EPA does not induced any alteration (0.84±0.53 vs 1.58±0.56 adjusted p=0.054), as observed in Fig. 1 .
Anti-oxidant enzyme activities
The activities of the main skeletal muscle anti-oxidant enzymes (SOD, CAT, and GPx) were determined. For SOD activity, it was observed that DHA treatment presented lower values (68 %) (0.31±0.2) when compared to control (0.97± 0.55, adjusted p=0.01) or EPA (0.97±0.6, adjusted p=0.013) groups. However, EPA did not induce any alteration when compared to the control group (Fig. 2a) (Fig. 2b) . Finally, neither DHA (59.77±36.57 vs 80.54±51.08, adjusted p=0.48) nor EPA (59.77±36.57 vs 58.83±17.32, adjusted p=0.99) induced any alteration on GPx activity when compared to the control group or between them (adjusted p=0.44) (Fig. 2c) .
Anti-oxidant enzyme expression
The total protein content of the skeletal muscle's main antioxidant enzymes (SOD, CAT, and GPX) was determined by Western blotting. After incubation with DHA, no changes in Cu/Zn-SOD (SOD1) (1.12±0.51 vs 0.79±0.34, adjusted p=0.42), CAT (0.96±0.58 vs 0.81±0.31, adjusted p=0.99), and GPx (1.01±0.24 vs 1.10±0.38, adjusted p=0.92) protein expression were observed when compared to control group. Similar response was observed after EPA treatment for SOD1 (0.97±0.41 vs 0.79±0.34, adjusted p=0.75), CAT (2.09±1.28 vs 0.81 vs 0.31, adjusted p=0.09), and GPX (1.06±0.44 vs 1.10±0.38, adjusted p=0.98) (Fig. 3a,  c, d ). However, Mn-SOD (SOD2) protein expression was 101.03 % higher in cells treated with EPA when compared to DHA treatment (0.78±0.25 vs 1.9±1.2, adjusted p= 0.03). When compared with the control group with EPA or DHA, it was not observed any alteration on SOD2 protein expression (0.97±0.3 vs 1.9±1.2, adjusted p=0.64 and 0.78±0.25 vs 0.97±0.3, adjusted p=0.64, respectively) (Fig. 3b) . Representative blots of all anti-oxidant enzymes are presented in Fig. 4 .
Discussion
The present study showed different responses for DHA and EPA muscle cells' treatment. EPA results showed some indications linking its participation on muscle cell protection against oxidative stress, while DHA treatment was unable to induce the same.
We demonstrated that the DHA polyunsaturated fatty acids induced an increased production of superoxide anions, which may be associated with an augmented fatty acid oxidation; however, the same did not occur with EPA. Similar results were observed by our previous studies (Lambertucci et al. 2008 ) using primary cultures of skeletal muscle cells treated with palmitic acid. Rossary et al. (2007) also observed an increased ROS production using fibroblasts treated with 15 μM of DHA for 4 h (even using a shorter fatty acid concentration and incubation time). In addition, de Catalfo et al. (2013) showed similar results using different types of fatty acids using animal models. They observed that fatty acid (soybean oil and grape seed oil), incorporated in the diet for 60 days, caused an increase of oxidative stress markers in the liver of rats. The different responses induced by these fatty acids may be due to distinct metabolite formation and incorporation into plasma fractions and/or cell membrane, for example (Kelley and Adkins 2012; Sebaldt and Marignani 1997; Walker et al. 2014 ). According to Pisani et al. (2009) , EPA and DHA may induce different ROS production, and this is a topic that still needs to be fully elucidated.
After evaluating ROS production, we also determined the activity of the main anti-oxidant enzymes found in skeletal muscle cells. We observed a lower activity of total SOD when cells were treated with DHA, but no difference was found when cells were treated with EPA. This response may be detrimental for cells because a decrease in this enzyme activity can induce an accumulation of superoxide, which may lead to cell damages. Similar results were obtained by Rossary et al. (2007) , who found that SOD activity did not change when fibroblasts were treated with DHA or EPA omega-3 polyunsaturated fatty acid. On the other hand, Naqshbandi et al. (2012) showed an improvement in SOD activity in the intestine from rats treated with omega-3-enriched diet. The contradictory results of SOD activity may occur due to differences between experimental protocols, mainly related to the amount of omega 3 and/or the treatment duration. SOD protein expression determination was carried out in the attempt to explain the results about its activity. No difference between the control and DHA groups was found. However, we observed a higher SOD2 protein expression when cells were treated with EPA, comparing to DHA group. Despite of this result, surprisingly, no alteration of SOD activity was noted. This effect may be related to the different response of the distinct SOD isoforms (increase activity for SOD2 and a decreased activity for SOD1, resulting in a balanced process). Even though there was no overall modulation of SOD activity after treating cells with EPA, an increased SOD2 expression can be important for cell health and survival, once this isoform is localized in mitochondria, which is known to be the main site of superoxide production in the muscle cell (Barja 2007) .
Among the main processes capable of controlling enzyme activities, some authors have proposed two important mechanisms: allosteric and covalent modulation (Anderssen et al. 2007; Ploug et al. 1990 ). According to Das and Plotkin (2013) , SOD1, the cytosolic isoform, is a 32 kDa homodimeric enzyme, composed by 153 amino acids on each monomer, which binds two ions that regulate its activity and stability (one Cu and one Zn). They have showed that SOD1 can be modulated allosterically due to interference on metalbinding sites (decreasing its activity).
In a study done by Derogis et al. (2013) , it was demonstrated that oxidation of DHA by free radicals can generate several by-products (ten positional isomers of ). Furthermore, there is evidence that these products may alter the action of SOD1 through the formation of protein aggregation (Kim et al. 2005) . In our study, SOD1 activity was decreased after DHA treatment with no modification of its expression. We suggest that some products of DHA oxidation may induce either allosteric modulation or covalent modification of SOD1 enzyme, which may induce the observed decreased activity.
In opposition to the conflicting data about SOD activity and protein expression, the present study showed increased values of CAT activity when cells were treated with EPA compared to cells treated with DHA and control group. Currently, some studies have shown that EPA has the capability to directly and indirectly activate the nuclear factor kappa B (NF-κB) pathway (Kageyama et al. 2013; Zuniga et al. 2011) , and this pathway is responsible for the control of the gene expression of several anti-oxidant enzymes, including CAT (Priyanka et al. 2013) . Thus, the modulation of NF-κB pathway by EPA may modulate the CAT content, and consequently, its activity, furthermore, allosteric mechanisms, can modulate the enzyme activity as demonstrated above. However, we did not observe significant difference when we evaluated CAT protein expression. An allosteric mechanism appears to be a possible hypothesis to explain such surprising data.
In addition to CAT, the hydrogen peroxide can be also eliminated by GPx enzyme. Our study evaluated the activity and protein expression of this enzyme, and we did not observe significant difference when cells were treated with DHA or EPA. Other studies also found no difference in GPx activity using treatment with omega 3 fatty acids in different concentrations and cellular models (Filaire et al. 2010; Garrel et al. 2012; Kusunoki et al. 2013) . Taken together, according to the results present herein, EPA may act as an important anti-oxidant supplement when compared with DHA, helping cells to increase their enzymatic anti-oxidant system capacity, with a consequent prevention of cell oxidative damage. EPA was able of maintain the levels of superoxide associated to a higher activity of SOD and CAT enzymes when compared with DHA. An increased amount of SOD2 protein expression was observed as well. Similarly, a study performed by Gil (2002) also showed the anti-oxidant effect of EPA. Pal and Ghosh (2012) showed a beneficial effect of fatty acids for the cellular anti-oxidant system. They showed that linoleic acid improved the activity of SOD, CAT, and GPx enzymes in the liver and kidney from rats. Additionally, Khan et al. (2012) have shown the antioxidant effect of omega-3 polyunsaturated fatty acids in the kidney from rats. On the other hand, enhancement of anti-oxidant enzyme activity does not directly mean that cells are protected against oxidative damage. The present study did not measure oxidative damage parameters to conclude it. Moreover, the protective effects depend on the localization and type of ROS generation under specific conditions. It is noteworthy that most studies used to discuss the results obtained in our study were performed using animal models or different cell types; however, the effect on the anti-oxidant system was similar in most of these studies.
Conclusion
In summary, the present study provides evidence about a possible beneficial effect of EPA for skeletal muscle cells regarding the anti-oxidant system, due to the improved antioxidant system capacity. However, the treatment with DHA may not be beneficial to muscle cells, since it induced an increase in superoxide production and a decrease of SOD activity, which may favor the occurrence of oxidative stress damage. Further studies have to be done to elucidate more precisely the mechanisms involved and the benefits of the EPA on the redox state for maintaining health and/or improved performance of exercise practitioners.
